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Physiological responses to transient conditions may result in costly responses
with little fitness benefits, and therefore, a trade-off must exist between the
speed of response and the duration of exposure to new conditions. Here,
using the puparia of an important insect disease vector, Glossina pallidipes,
we examine this potential trade-off using a novel combination of an experi-
mental approach and a population dynamics model. Specifically, we explore
and dissect the interactions between plastic physiological responses, treat-
ment-duration and -intensity using an experimental approach. We then
integrate these experimental results from organismal water-balance data and
their plastic responses into a population dynamics model to examine the
potential relative fitness effects of simulated transient weather conditions on
population growth rates. The results show evidence for the predicted trade-
off for plasticity of water loss rate (WLR) and the duration of new environ-
mental conditions. When altered environmental conditions lasted for longer
durations, physiological responses could match the new environmental con-
ditions, and this resulted in a lower WLR and lower rates of population
decline. At shorter time-scales however, a mismatch between acclimation
duration and physiological responses was reflected by reduced overall popu-
lation growth rates. This may indicate a potential fitness cost due to insuffi-
cient time for physiological adjustments to take place. The outcomes of this
work therefore suggest plastic water balance responses have both costs and
benefits, and these depend on the time-scale and magnitude of variation in
environmental conditions. These results are significant for understanding
the evolution of plastic physiological responses and changes in population
abundance in the context of environmental variability.
Introduction
The effect of weather on insect populations is of pro-
found importance. Over the short term, prevailing
weather determines survival, reproduction and growth,
and ultimately, population fitness (Huey & Kingsolver,
1989; Addo-Bediako et al., 2000; Dillon et al., 2007;
Kingsolver et al., 2011; Sholes, 2011). Over longer peri-
ods, climatic conditions directly influence local popula-
tion viability, and thus, contribute to the structure of a
species’ geographic distribution (Chown et al., 2010;
Hill et al., 2011; reviewed in Gaston, 2003). Further-
more, climate and organismal responses (e.g. behav-
iour, physiology and morphology) may shape the
strength of natural selection for evolutionary changes
in trait performance (e.g. Gibbs & Matzkin, 2001;
Chown & Terblanche, 2007; Gefen & Gibbs, 2009;
Kellermann et al., 2009).
Phenotypic plasticity can be viewed as an evolution-
ary adaptation used to moderate the effects of tran-
sient environmental conditions (e.g. changes in
weather) during an animal’s lifetime. Plastic physiolog-
ical responses can evolve under certain conditions
(e.g. Ghalambor et al., 2007; Huey, 2010; Overgaard
et al., 2011), and these responses may contribute to
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evolutionary fitness. Work on insect thermal perfor-
mance is increasingly showing that there are both fit-
ness benefits and potential costs to such plastic
responses (e.g. Loeschcke & Hoffmann, 2007; Kristen-
sen et al., 2008; Sørensen et al., 2009; Chidawanyika &
Terblanche, 2011; Basson et al., 2012). There are three
major limitations to the work undertaken on pheno-
typic plasticity of physiological traits when inferring
potential effects on fitness under natural conditions.
First, studies on climate-related impacts typically focus
on a single abiotic factor, for example, temperature
variation (Parmesan, 2006; Deutsch et al., 2008;
Gething et al., 2010), whereas in reality, multiple fac-
tors are likely to vary simultaneously (see discussions
in e.g. Bubliy et al., 2012; Terblanche et al., 2011;
Moore et al., 2012), and thus, may act synergistically.
Second, except in explicit cases investigating the time-
course of such responses (e.g. Rako & Hoffmann,
2006; Sisodia & Singh, 2010), most studies seek to
maximize the physiological response to study the
impacts or mechanisms thereof. Third, to assess the
fitness costs of plastic physiological responses, it is nec-
essary to carefully distinguish between the costs of
rearing in a suboptimal environment from the costs of
the plastic response itself (e.g. Hoffmann & Hewa-Kap-
uge, 2000; Basson et al., 2012). It is increasingly well
appreciated, however, that the duration and intensity
of change in environmental conditions is of critical
importance to the magnitude of a physiological
response, partly owing to Jensen’s inequality in the
case of nonlinear traits (e.g. Dillon et al., 2010; Bozi-
novic et al., 2011; Williams et al., 2012). Indeed, the
majority of physiological responses studied to date
only consider the effects of chronic or acute tempera-
ture variation on a range of performance or tolerance
traits (reviewed in e.g. Chown & Terblanche, 2007;
Angilletta, 2009; Chown et al., 2011). The duration
and intensity of changes in climate may also influence
the degree to which physiological adjustments match
the future scenario. For example, physiological adjust-
ments to a certain set of conditions might incur fitness
costs when different conditions are experienced in
reality (e.g. Rako & Hoffmann, 2006; Weldon et al.,
2011; reviewed in Chown & Terblanche, 2007).
Environmental cue reliability, signal detection and
interpretation are critical factors in theoretical models
of the evolution of plasticity (e.g. Tufto, 2000; Reed
et al., 2010). Theoretical models focus extensively on
the relative evolutionary fitness costs and benefits of
trait plasticity under different environmental condi-
tions. These models have shown that plasticity should
evolve when cue reliability is high and costs of plastic
responses are low (Chevin et al., 2010). Indeed, it is
widely recognized that the evolution of plasticity is
influenced by environmental variability relative to gen-
eration times (Lynch & Gabriel, 1987; Gilchrist, 1995;
Tufto, 2000; Sultan & Spencer, 2002; Reed et al., 2010;
Nilsson-€Ortman et al., 2012; and see review in Chown
& Terblanche, 2007; Angilletta, 2009).
Insect–water balance relations play a significant role
in terrestrial ecosystems, and especially in disease
vectors (Hadley, 1994; Benoit & Denlinger, 2010). Pop-
ulation fitness and geographic range may be influenced
by physiological mechanisms related to desiccation
resistance or tolerance (Danks, 2000; Chown, 2002;
Kessler & Guerin, 2008; Gibbs, 2011). Furthermore,
plastic responses of water balance-related traits might
potentially conserve water under desiccating conditions
and thereby enhance survival, which could be signifi-
cant for understanding the impacts of environmental
change (Hoffmann et al., 2003; Schimpf et al., 2009;
Terblanche & Kleynhans, 2009; Terblanche et al., 2010;
Chown et al., 2011).
Here, we aim to test the theoretically-predicted trade-
off between physiological acclimation as a function of
environmental variability and the duration that these
new conditions persist. Specifically, we examine accli-
mation responses of water loss rate (WLR), a key physio-
logical trait that can be altered in a plastic manner (see
e.g., Terblanche & Kleynhans, 2009), while considering
two types of abiotic stresses (temperature and humidity)
that may impact these rates. We furthermore aimed to
test whether fitness costs or benefits of WLR plasticity
are associated with acclimation duration.
We employed a vector of human and animal disease,
the tsetse Glossina pallidipes Austen (Diptera: Glossini-
dae), as a model organism for which good baseline
knowledge of water balance physiology is readily avail-
able (e.g. Bursell, 1959; Kleynhans & Terblanche, 2009;
Terblanche & Kleynhans, 2009). Glossinidae occupy a
wide range of habitats in sub-Saharan Africa, and water
balance traits are likely related to tsetse geographic dis-
tributions through evolutionary adaptation of body size
(thereby influencing water stores and starvation resis-
tance) and water loss rates (Bursell, 1958; Kleynhans &
Terblanche, 2009). Coping with environmental drought
is particularly imperative in the puparial stage since
eclosion after dry and hot periods can result in low
water and lipid reserves. Puparia cannot replenish lost
or consumed water and have a large surface area/vol-
ume ratio. Therefore, excessive water loss in this stage
might have detrimental effects on population dynamics
either through direct mortality on this stage, or indi-
rectly on the early teneral adult stage upon eclosion
(Yoder & Denlinger, 1991; Hargrove, 2001, 2004). In
tsetse, field population dynamics have been well
explored in the context of temperature variability (e.g.
Hargrove, 1988, 2001, 2004), suggesting that adults are
particularly sensitive to temperature. By contrast, mois-
ture effects are likely important during the puparial
life-stage (see e.g. Bursell, 1958; Hargrove, 2001, 2004;
Terblanche & Kleynhans, 2009). However, recent work
from other fly species suggests that behavioural
responses can alter physiological plasticity as behaviour
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can buffer microsite variability (Marais & Chown,
2008). We therefore chose to focus on the puparial life-
stage because tsetse pupae are unable to employ behav-
iour to avoid or alter the effects of transient weather
conditions. The present work therefore sought to deter-
mine how simulated transient abiotic conditions, lasting
for different durations, influence water balance physiol-
ogy in tsetse pupae and ultimately, population dynam-
ics of G. pallidipes. We employed treatments varying in
environmental conditions (thereby experimentally sim-
ulating a transient weather front) and determined
WLR, time to eclosion and survival of puparia and the
plastic responses thereof. By incorporating these results
into a population dynamics model, we then examined
the fitness effects of transient weather conditions on
relative population growth rates.
Materials and methods
Tsetse follow a unique K-strategy reproduction cycle
(Leak, 1999). Optimal rearing conditions for tsetse are
temperatures between 24–26 °C and relative humidity
(r.h.) of 76% (Langley, 1977). Briefly, under optimal
conditions, a single third-instar larva is deposited into
the soil every 9–10 days where it pupates and continues
development (~ 30 days) until puparial eclosion. During
development, pupae do not consume any additional
food resources other than those obtained during the
intra-uterine larval developmental phase (Leak, 1999).
We focus on the plasticity of WLR as it is likely to be
significant from both evolutionary and ecological per-
spectives in pupae, and since water balance physiology
has possible impacts on population dynamics (e.g. Bur-
sell, 1958, 1959; Terblanche & Kleynhans, 2009). Early
work showed that WLR is at a low stable level for the
majority of the puparial life-stage (Bursell, 1958) and
that estimates of WLR in individual puparia are not con-
founded by the amount of body water (i.e. water loss is
constant across a range of body conditions, see Terb-
lanche & Kleynhans, 2009), or the experimental condi-
tions (e.g. estimates of WLR are stable across a wide
range of time-scales [4–196 h] when switching between
different atmospheric moisture conditions), making this
an ideal model system in which to explore these ques-
tions. To provide additional insight, we couple the esti-
mates of WLR with puparial eclosion rates and puparial
survival. Subsequently, the fitness effects of puparial
eclosion rates and puparial survival are then considered
in terms of a population dynamics model developed pre-
viously (Hargrove, 1988; Williams et al., 1990).
Glossina pallidipes (Diptera, Glossinidae) puparia were
received from a laboratory colony maintained at the
Entomology Unit, FAO/IAEA Agriculture and Biotech-
nology Laboratory, Seibersdorf, International Atomic
Energy Agency, Vienna, Austria via air shipment. The
colony was established in ~ 1975 and reared for ~ 200
generations at 25 °C, 76% r.h. where optimal develop-
ment and reproductive output occurs. The colony is
maintained in high numbers to avoid deleterious
inbreeding and it has similar genetic variation to wild
populations (Krafsur & Wohlford, 1999). In addition,
WLR estimates and their plasticity in Glossina spp. do
not appear to be influenced significantly by laboratory
rearing in any consistent direction (see Terblanche &
Kleynhans, 2009 for puparia; Terblanche et al., 2006 for
adults), and we therefore assume that this population is
a reasonable reflection of wild flies’ physiology. Puparia
(18–22 days old) were shipped in insulated, nonairtight
containers kept under constant conditions (typically
< 2 days during transport). Temperature conditions
were controlled during shipment by two phase-chang-
ing agents to maintain constant temperatures between
18–24 °C. Upon arrival, puparia were kept in a dark cli-
mate chamber (Labocon, South Africa) and kept at
25  1 °C and 76  5% r.h. for at least five days to
standardize conditions at the start of the acclimations.
Puparia were subjected to simulated weather front sce-
narios (also referred to as acclimations), involving vary-
ing humidity and temperature for different durations
(Fig. 1). Experiments were replicated within a single
shipment of puparia. Therefore, thermal history of the
pupae was similar across the range of experimental
treatments and cohort effects are unlikely to have
influenced the results.
We determined WLR (in lg H2O h
1) individually
using conventional gravimetric methods (following our
previous work, Terblanche & Kleynhans, 2009), by
recording body mass on an electronic microbalance
(Mettler Toledo NewClassic MF, MS1045 [AX504],
accuracy 0.1 mg) at two experimental time points after
a 3-day acclimation or after a 5-day acclimation period
(Fig. 1). All experimental treatments were undertaken
in the dark to simulate underground conditions likely
experienced in the field (Muzari & Hargrove, 2005;
Basson & Terblanche, 2010).
Individual puparia were placed on cotton wool in sepa-
rate, open, numbered 0.6 mL micro centrifuge
(eppendorf) tubes randomly assigned into replicated plas-
tic 100 mL airtight vials, (volume = 166 cm3). Each vial
contained six tubes (N = 6 puparia per vial), and each vial
was replicated five times to give a total sample size of
N = 30 puparia per treatment. Care was taken to ensure
that all treatment groups were handled for the same
duration during transfer from the climate chamber to the
vials (~ 7 min per group), and spent a similar amount of
time outside of the vials whilst being weighed (~ 15 min
per group). Relative humidity and temperature were
recorded during treatments using Thermochron iButtons
(DS1402D-DR8, Dallas semiconductors; sampling
rate = 10 min,  1 °C temperature accuracy,  0.5% r.h.
accuracy). Hygrostatic solutions (following Winston &
Bates, 1960; Greenspan, 1977) were used to control the
different humidities. Saturated solutions of magnesium
chloride (MgCl2.6H2O), magnesium nitrate (Mg
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(NO3)2.6H2O) and sodium chloride (NaCl) were employed
to correspond to humidities of 33%, 55% and 76% r.h.,
respectively, and the same batch of each solution was
used across all five vials to ensure similar conditions
between replicates. Filtered, doubly-distilled water was
always used as the solvent for production of saturated salt
solutions. Silica gel was used for completely desiccating
conditions (< 5%, referred to as 0% r.h.) and double-dis-
tilled water for fully hydrated air: 95–100% (referred to as
99% r.h.) (see Sjursen et al., 2001). Preliminary trials
demonstrated that equilibration times for salt solutions
were typically < 3 h and r.h. remained stable thereafter
for up to 14 days. Relative humidity treatments were cho-
sen to cover the full range of conditions that are likely
experienced by Glossina puparia in the wild (see e.g. Bur-
sell, 1958; Terblanche et al., 2006).
For statistical analyses, normality was tested using a
Shapiro-Wilk test. Log transformation did not always
improve normality, and therefore, data did not satisfy
the assumptions of parametric statistics. Consequently,
we used generalized linear models (GLZ) on log-trans-
formed WLR which are more robust to violations of
these assumptions (Quinn & Keough, 2002). Assump-
tion tests and GLZ tests were undertaken in R
(v. 2.15.0, R Development Core Team (2008); type 3
GLM procedures).
Experimental procedure
To test the effect of acclimation duration on WLR, we
measured WLR over a five-day period at 25 °C, 76%
r.h. after exposure to acclimations (combinations of
temperature and r.h.) lasting for different durations.
The first experimental group was subjected to acclima-
tion conditions for three days (15 temperature and r.h.
combinations, N = 30 individuals per combination),
whereas the second experimental group was subjected
to acclimation conditions for 5 days (15 temperature
and r.h. combinations, N = 30 individuals per combina-
tion) (Fig. 1). Acclimations included a combination of
three temperatures (21, 25 and 29 °C) and five relative
humidities (0, 33, 55, 76 and 99% r.h.) resulting in a
total N = 15 acclimations per three and 5 day exposure.
After we measured WLR, we scored the time to eclo-
sion (in days) and survival (%) at 25 °C, 76% r.h. To
assess the effects of acclimation conditions (intensity
and duration) on log transformed WLR, the results
were analyzed using a GLZ with a normal probability
distribution of errors and an identity link function, and
included the covariate body mass and explanatory vari-
ables: treatment duration, temperature, r.h. and all pos-
sible interactions. We tested the covariate (body mass)
and explanatory variable (temperature, r.h. and accli-
mation duration) effects on the time to eclosion (with a
quasi-Poisson distribution of errors and log link func-
tion) and survival (with a quasi-binomial distribution
of errors and logit link function). These quasi- models
minimized any problems of overdispersion, which were
assumed to exist if the residual deviance exceeded the
model’s residual degrees of freedom (Crawley, 2007).
Preliminary analyses investigated the effect of vial on
the experimental results using a nested GLZ approach
where vial was a random effect nested within each
treatment group. In all three traits examined, vial was
never a significant factor and did not alter the conclu-
sions reached for the main effects (WLR: P = 0.126;
eclosion rate: P = 0.999; survival: P = 0.999), and we
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Fig. 1 Schematic illustration of the
experimental protocols followed in the
present study. Treatments included
three temperatures and five relative
humidities (total n = 15 combinations)
per three and 5 day exposure duration.
After exposure to 15 treatments for
3 days or 5 days, individuals were
returned to optimal rearing conditions
where water loss rate (WLR lg H2O h
1)
was measured over a 5 day period. The
right-hand side box (shaded) indicates
the period when puparial WLR
measurement was undertaken. The time
to eclosion (in days) and survival (as a
%) were recorded at optimal rearing
conditions after WLR had been
determined (total N = 900 individuals at
25 °C, 76% r.h.).
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as a factor in the models, and regarded individual
puparia as independent observations.
Given that the conditions for optimal population
growth rates are already well established for constant
stable conditions (being 25 °C and 76% r.h., see Lang-
ley, 1977), we compare all our results to this baseline
condition (referred to as ‘optimal rearing conditions‘
throughout) as a relative improvement or decline for
each treatment.
Population dynamics
The simulated experimental changes in thermal and
hygric conditions allowed us to explore the impacts of
plastic responses on population growth rates and rela-
tive changes thereof. Our results were incorporated
into a population dynamics model which has previ-
ously been used to examine the effects of climate on
tsetse abundance in the field and has been extensively
explored and verified under field and laboratory condi-
tions varying in both saturation deficit and temperature
(e.g. Hargrove, 2001; reviewed in Hargrove, 2004).
Population growth rates are calculated as a function of
the duration of the puparial life-stage (pupal eclosion
rate) and pupal survival. The Euler–Lotka equation
(Lotka, 1907; Eberhardt, 1988) has been used in sev-
eral studies of population dynamics (e.g. De Roos,
2008; Jager & Klok, 2010), relating the growth rate of
a population (r) to age-dependent fecundity and mor-
tality. We use Equation 11 in Williams et al. (1990)
given as:
bexp½ðra  rÞa þ ðrb  rÞb þ ðrc  rÞcÞ
¼ 1 exp½ðrc  rÞc  (1)
which, to solve for r, can be re-arranged to:
r ¼ lnbþ raa þ rbb þ 2rccða þ b þ 2cÞ (2)
where r is the growth rate of the population, b is the
female-offspring fecundity, sa is the duration of the
puparia period (i.e. time to eclosion), sb is the duration
of the nulliparous period (i.e. time taken before the first
larva starts development inside the female body), sc is
the interlarval period and r, the daily survivorship at
the specific age class (a–c).
The puparial life-stage lasts for a duration sa (in
days), during which time the daily survivorship is
described by ra. In our treatments, we estimated sa
under a range of environmental conditions varying in
both temperature and humidity and use the estimated
fraction survival minus the 1% constant predation rate
for tsetse puparia (see Williams et al., 1990) as an esti-
mate of ra. Hargrove (1988) and Williams et al. (1990)
have demonstrated that r is insensitive to changes in sb
and sc. Various sensitivity analyses on parameter values
were conducted in the original model development
(Hargrove, 1988) and were later verified under field
conditions (Williams et al., 1990; and see Hargrove,
2001) to be generally accurate with some assumptions
unable to be fully assessed (see detailed discussion in
Hargrove, 2004). Field assessments of these population
models have been performed using mark–recapture
estimates in Zimbabwe and Tanzania on our study spe-
cies and closely related G. morsitans (e.g. Hargrove,
2001), and the role of several abiotic factors thoroughly
examined across a wide range of conditions and time
scales (see e.g. Fig. 7.3 in Hargrove, 2004).
We assume that the population is at equilibrium and
the age distribution of the population is stable. Further-
more, we assume that the nulliparous stage (age class
0), during which time no larva is developing in the
female body and fecundity is 0, lasts from age a to age
b for a period of sb = ba days (similar to Williams
et al., 1990). Parameter estimates, according to Williams
et al. (1990), for sb at 21, 25 and 29 °C was 6.8, 6.7
and 6.4 days respectively, and the female-offspring
fecundity (b) at 21, 25 and 29 °C was 0.4972, 0.4898
and 0.4624 respectively per day. During this time, the
daily survivorship, rb, at 21, 25 and 29 °C was 0.0728,
0.1012 and 0.1408, respectively. During the adult life-
stage, larvae were deposited with interlarval periods
(sc) of 11.2, 9.1 and 7.6 days at 21, 25 and 29 °C,
respectively and the daily survivorship (rc) (counting
female larvae only) was 0.0031, 0.0043 and 0.0060 at
21, 25 and 29 °C, respectively. Given that tsetse have a
k-strategy of reproduction and produce only a single
offspring every 9–10 days, the instantaneous daily pop-
ulation growth rate becomes a negative estimate espe-
cially if calculated as a function of initial population
size (see Hargrove, 1988; Williams et al., 1990). Here,
our focus is on relative differences in population
growth rates between treatment durations, and thus
our decisions above regarding the specific assumptions
and the choice of parameter values should not bias our
results in any particular direction. To assess the effects
of treatment duration on the population growth rate
(percentage decline of the initial population size per
day, according to the model), the results were analyzed
using a Wilcoxon rank sum test. To further dissect the
impacts of our experimental results on the population
dynamics simulations, we ran three separate simula-
tions: i) pupal eclosion rates were allowed to vary but
survival was held constant (at the value determined
under optimal rearing conditions), ii) survival was
allowed to vary according to the experimental results
but eclosion rate held constant at the optimal condi-
tions value, and finally iii) we allowed both pupal eclo-
sion rates and survival to vary simulatenously
according to the experimental results. For brevity, how-
ever, we only present the final full model across the
full range of experimental conditions to illustrate the
impact of experimental acclimation duration on per-
centage population decline.
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Results
There was no significant difference in start mass (see
Fig. 1) of puparia subjected to 3 day acclimations (mean
[ SD] body mass = 34.1  0.0033 mg) and those
subjected to 5 day acclimations (33.9  0.0039 mg)
(t778 = 1.07; P = 0.28). The interaction effect of treat-
ment duration, r.h. and temperature had a significant
effect on log WLR even when adjusting for the covariate
body mass (Table 1, P < 0.0001).
The effects of the experimental treatments on log
WLR differ depending on the exact temperature and
moisture conditions, but most importantly this is also
dependent on the amount of time spent at these condi-
tions (Fig. 2). The magnitude of the effect of the exper-
imentally controlled temperature and r.h. combinations
on puparial WLR was generally smaller after a five-day
exposure than after a three-day exposure (Fig. 2).
Treatment duration 9 temperature effect (P < 0.0001)
as well as a treatment duration 9 temperature 9
humidity effect (P < 0.0001) (Table 1) were significant,
suggesting that treatment duration modifies the effect
of temperature, and the interaction (9) of temperature
and humidity, on WLR, respectively. The three-way
interaction between duration, temperature and humid-
ity is, however, difficult to interpret. Puparia subjected
to cold, dry (21 °C, 0% r.h.) conditions lost signifi-
cantly less water when returned to optimal rearing
conditions (25 °C, 76% r.h.) than those subjected only
to optimal rearing conditions (25 °C, 76% r.h.), irre-
spective of the exposure duration (Fig. 2). Wet condi-
tions (99% r.h.) led to higher WLR, irrespective of
temperature and, more specifically, hotter, wetter
(29 °C, 99% r.h.) conditions led to a significant
increase in WLR relative to the 25 °C, 76% r.h. group
(Fig. 2).
Body mass had no significant influence on the dura-
tion of the puparial life-stage after a 3- or 5-day accli-
mation (P > 0.1; results not shown) and the durations
of the treatments did not have a significant effect on
the time to eclosion. These two parameters were thus
sequentially removed during the model building pro-
cess. The results showed that the interaction effect as
well as the main effects of temperature and r.h. signifi-
cantly affected the duration of the puparial life-stage
(Table 1). With the notable exception of 76% r.h. at
21 °C, the time to eclosion was shorter at cooler and
hotter conditions in comparison to the 25 °C, 76% r.h.
acclimation treatment, irrespective of r.h. treatment
(Fig. 3a,b). This suggests that more adverse conditions
led to an accelerated development rate and reduced the
overall time to eclosion. Relative to optimal rearing
conditions, the time to eclosion showed a similar pat-
tern across acclimation durations (Fig. 3a,b). Survival
estimates were however significantly affected by the
interaction between the treatment duration, tempera-
ture and humidity (Table 1, Fig. 3c,d).
We tested for the effect of treatment duration on the
rate of population growth, while holding survival con-
stant. The Wilcoxon rank sum tests showed that a
3 day acclimation resulted in a significantly lower pop-
ulation growth rate when pupal eclosion rates were
varied when holding survival constant (P < 0.0001).
However, when survival varied while holding pupal
Table 1 Summary of the generalized linear model results for the
experiment conducted to simulate transient weather front
(treatment) effects of different durations (three and five days) on
log10 transformed water loss rate, time to eclosion and survival.
Trait Effect d.f. v2 P
Water loss rate Body mass 1 4.16 0.04
Treatment duration 1 0.15 0.70
Temperature 2 83.33 < 0.0001














8 125.53 < 0.0001
Time to eclosion Temperature 2 7.199 0.027
Relative humidity 4 6.127 0.19
Temperature 3
Relative humidity
8 40.247 < 0.0001
Survival Treatment duration 1 4.430 0.035
Temperature 2 20.708 < 0.0001
Relative humidity 4 13.930 0.007
Treatment duration 3
Temperature










8 47.858 < 0.0001
Water loss rate data (in lg h1) were analyzed using a normal
distribution of errors and an identity link function. The residual
deviance for the model was 95.10 on 749 degrees of freedom (d.f.)
and the dispersion parameter is 0.1270. Time to eclosion (in days)
was analyzed using a quasi-Poisson distribution of errors and a log
link function. Body mass and treatment duration were found to
not contribute significantly to this model. The residual deviance
was 173.34 on 712 d.f. and the dispersion parameter was 0.1714.
Survival (number alive divided by total) data were analyzed using
a quasi-binomial distribution of errors and a logit link function.
The effect of the covariate body mass was nonsignificant and
removed from the model. The residual deviance was 313.55 on
750 d.f. and the dispersion parameter was 0.5547. The Wald
chi-square (v2) statistic and P-values (P) of the model parameters
are shown. Significant effects are highlighted in bold.
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eclosion rates constant, treatment durations did not
significantly affect the population growth rates (P =
0.748), but bearing in mind that this approach ignores
the temperature and r.h. treatments (i.e. they are
pooled). The population growth rate simulation using
the full model (varying eclosion rates and survival)
showed that the daily rates of population growth were
significantly affected by the treatment duration (Wilco-
xon rank sum test, P = 0.025) so that a greater rate of
population decline was observed after a 3 day acclima-
tion. We present the effects of acclimation duration on
percentage daily population decline as a function of
temperature and r.h. (corresponding to the conditions
where eclosion rate and survival were estimated) in the
surface fit (Fig. 4).
Discussion
The present study explored the water balance-related
physiological performance of G. pallidipes as a conse-
quence of experimentally simulated transient weather
fronts (i.e. treatment conditions that vary in both
intensity and duration). This study also determined
how two different abiotic conditions, temperature and
humidity, influence water balance physiology in tsetse
puparia and, ultimately, how this might affect popula-
tion dynamics of G. pallidipes. Such an approach is, to
our knowledge, unique. This combined approach
revealed several novel findings, of which two are per-
haps most significant for understanding physiological
responses to altered environmental conditions. First,
pupae showed acclimation (physiological adjustments
of WLR) to both temperature and r.h., but the short-
term effects of temperature on water loss rates were
not equal in magnitude or direction to the effects of
r.h., as might be broadly expected, based on physical
principles of saturation deficit (see e.g. Hadley, 1994 for
review). Transient weather typically involves changes
in the magnitude and duration of temperature and r.h.
and both can influence organismal fitness (e.g. Rako &
Hoffmann, 2006; Dillon et al., 2007; Paaijmans et al.,
2009; reviewed in Chown & Terblanche, 2007; Chown
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Fig. 2 Least squares means ( 95% confidence limits) of water loss rate (in lg H2O h1) responses to experimental combinations of
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Fig. 3 Changes in mean ( 95% confidence levels) time to eclosion (days) and mean survival (%) after puparia were subjected to
different combinations of temperature and relative humidity for three- (panels a and c on the left) or five (panels b and d on the right)
days, respectively. Note that data are presented as differences relative to the 25 °C, 76% relative humidity treatment groups but absolute
values can be read on the right-hand y-axis.
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et al., 2011). The effects of such changes might persist
and influence the organism long after conditions have
returned to their original state, depending to some
extent on damage repair or accumulation mechanisms
(Dillon et al., 2007; see also discussions in Gutschick &
BassiriRad, 2003). The results of this study suggest that
consideration of temperature or humidity effects on
WLR and their associated plastic responses to these con-
ditions are however not directly equivalent even at the
same saturation deficit. A similar effect has been shown
in adults of four species of Glossina but focused on
instantaneous estimates of WLR rather than acclimation
responses (Kleynhans & Terblanche, 2011). This is pos-
sibly a consequence of temperature-dependent changes
in cuticular permeability (reviewed in Gibbs, 2011) or
respiratory contributions to water loss (e.g. Terblanche
et al., 2010), combined with effects of the drying power
of the air at a given humidity level.
Secondly, after experimental variation in either set of
abiotic conditions (temperature or humidity), acclima-
tion generally lowered (or increased) WLR in a direc-
tion that may be interpreted as improving fitness
relative to animals not given the opportunity to accli-
mate. Furthermore, this effect could be detected in pop-
ulation dynamics simulations as a concomitant relative
improvement in population growth rate compared with
intermediate (control) treatment groups not given the
opportunity to adjust physiologically (although recogn-
ising that tsetse populations are always experiencing
negative growth rates in these models [see Materials
and methods, and Williams et al., 1990; Hargrove,
2004]). Indeed, relative population growth rates were
significantly affected by the duration of a simulated
weather front (treatment duration), but as in the case
of WLR results, the effects depend to some extent on
the exact conditions being compared between durations
(Fig. 4). It is likely that the estimates of population
changes in the full model which allowed all parameters
to vary simultaneously would have been influenced by
life-history responses as well as potential physiological
benefits of lowering water loss rate. Specifically, a
longer duration of exposure to new conditions (5 days)
had a smaller impact on population growth rates than
did a simulated front of a shorter duration (3 days),
contrary to what might be expected if damage accumu-
lated over time. Moreover, this is a different outcome
to what would have been expected if all population
growth rate responses were simply mediated through
the observed life-history responses. A comparison
among different treatment conditions suggests that a
simulated weather front involving hotter, wetter condi-
tions (i.e. simultaneously hotter and wetter than the
intermediate acclimation group) led to lower popula-
tion growth rates after 3 days, whereas hotter, drier
scenarios negatively influenced the population growth
rate after 5 days. Interpretation of these effects should
however be undertaken with caution as other biotic or
abiotic factors not accounted for at present in the model
may influence the outcome of these simulations, partic-
ularly in the field. For example, adult reproductive
output may have a strong influence on realized abun-
dance and were not explored here. Similarly, the den-
sity-dependence of tsetse population growth rates are
widely debated (e.g. Hargrove, 2004) and could influ-
ence models of population dynamics. Moreover, some
responses used as input variables in our simulations
can also reflect life-history responses to, for example,
temperature variability. Transgenerational effects were
also not investigated in these simulations and could be
incorporated or explored in detail in future, such as
 > 25 
 < 25 
 < 24 
 < 23 
 < 22 
 < 21 
 < 20 
 < 19 
 < 18 
3 days 5 days
Fig. 4 Surface plot of the simulated population growth rate (% decline in population size.day1) at different combinations of temperature
and relative humidity for three- (left panel) and five (right panel) days. The surface was fitted using a least-squares method.
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genetic assimilation or epigenetic effects (e.g. Suzuki &
Nijhout, 2006). Nevertheless, the approach currently
adopted is likely valid and robust for examining the pri-
mary question of whether or not phenotypic plasticity
may have adaptive benefits in the context of physiolog-
ical responses, and if these could potentially translate to
a difference in relative population growth rates. To
facilitate answering this question, we specifically aimed
to hold all other potentially influencing factors con-
stant. Within the context of the present study’s aims,
this approach provides valid and important insights.
The outcomes of this work are therefore important
for several reasons of which two are perhaps most sig-
nificant. First, our study demonstrates a significant
influence of temperature and r.h. on WLR, which can
readily be translated in terms of an impact on popula-
tion dynamics of tsetse. This suggests that acclimation
responses might enhance population fitness, given suf-
ficient time, and is in agreement with several theoreti-
cal models of the evolution of trait plasticity (e.g. Tufto,
2000; Ghalambor et al., 2007; Chevin et al., 2010).
Indeed, under some of the abiotic conditions tested,
there were clear survival differences between fronts
lasting for different durations, with the longer simu-
lated weather front showing greater survival. Thus, one
possible interpretation is that the acclimation responses
and associated changes in WLR compensate, and per-
haps buffer negative fitness effects that would have
occurred if physiological acclimation had not taken
place. Such a result is unique and supports the general
contention that plastic physiological responses have
possible fitness benefits. However, this is rarely demon-
strated, especially for traits of water balance in insects
(see e.g. discussions in Chown et al., 2011; Woods &
Harrison, 2001, 2002).
Second, the present study also provides support for
the view that, in order to understand climate change
responses and develop mechanistic, predictive models,
understanding insect water-balance responses to a
range of abiotic factors is important (see discussion in
e.g. Moore et al., 2012; Pincebourde & Woods, 2012),
especially given the widespread influence of water bal-
ance-related traits on activity patterns and survival.
This is particularly important given that these factors
may affect species distributions and assemblage struc-
ture (Chown et al., 2011). What the impacts of these
results are for the interpretation of potential climate
change effects are however less clear. Glossina pallidipes
has a patchy distribution stretching from the north-east
down to the south-eastern part of Africa. The probabil-
ity of heat waves is predicted to increase four-fold in
southern Africa (Lyon, 2009) according to comparisons
between a 1981–2000 base period and model projec-
tions for 2100. Hotter, wetter scenarios are predicted to
increase in eastern- and western Africa (Giorgi et al.,
2001; Intergovernmental Panel on Climate Change
(IPCC), 2007), but also drier monsoon-related events
are forecasted in eastern-Africa (Zwiers & Kharin, 1998;
Easterling et al., 2000; Giorgi et al., 2001; Fortain et al.,
2010). By contrast, hotter, drier conditions are expected
to increase in southern Africa especially during the aus-
tral summer months (Giorgi et al., 2001; Lyon, 2009).
Therefore, tsetse might experience an increased fre-
quency of transient, or atypical, weather fronts in their
local habitat. Moreover, different populations may
experience distinct, and possibly even unique, combina-
tions of abiotic stresses as part of changes in local
weather in different parts of their geographic range.
Despite having acclimation responses of WLR that can
be interpreted as limiting potential negative fitness
effects, these seem unable to compensate completely
for the hotter, drier conditions that may be expected
under future climates (this study; see also Terblanche
et al., 2006; Terblanche & Kleynhans, 2009; Kleynhans
& Terblanche, 2009, 2011). Thus, from an epidemiolog-
ical perspective, vector population size may be reduced
in future, possibly altering their geographic distribution
under persistent suboptimal conditions (and see Moore
et al., 2012). To better understand the limits to climate
adaptation of Glossina, determining their responses to
natural and artificial selection, and quantifying evolv-
ability or constraints on trait variation, would be a
valuable future research direction (e.g. Kellermann
et al., 2009; reviewed in Hoffmann & Sgro, 2011).
In conclusion, the results of this integrative study
provide general insights into the physiological processes
and their plastic responses to changing conditions, and
how these might affect population dynamics of G. pal-
lidipes under varying environmental conditions. Fur-
thermore, these results could be used to inform
management and control practise for disease interven-
tion in the future, especially if incorporated into models
of population dynamics that include phenotypic plastic-
ity (e.g. Chevin et al., 2010) in a landscape matrix (e.g.
Chown et al., 2010). In addition, our results serve as a
valuable addition to empirical tests of evolutionary pre-
dictions of trait plasticity and highlight the ecological
and evolutionary importance of plastic physiological
responses.
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